The effect of a strontium ruthenate seed layer on the dielectric properties of SrTiO 3 thin films was investigated. The SrTiO 3 thin films were deposited by plasma-enhanced atomic layer deposition using titanium tetra-isopropoxide and bis͑dipivaloylmethanato͒ strontium as precursors and oxygen as an oxidant. A strontium ruthenate seed layer was formed through the deposition of ultrathin SrO and a postannealing process. The SrTiO 3 thin films deposited on a seed layer, prepared by deposition of 2.7 nm SrO and postannealing prior to SrTiO 3 deposition, showed considerably enhanced dielectric properties in comparison to SrTiO 3 films deposited on Ru directly; that was attributed to enhancement of the films' crystallinites and a reduction of low-k interfacial layers. For optimization of seed-layer formation, the dependency of the inserted SrO layer thickness on the dielectric properties of the SrTiO 3 films was investigated for a SrO thickness range of 0.27 to 5.4 nm. The 10 nm thick SrTiO 3 thin film on the seed layer formed by deposition of a 1.35 nm thick SrO layer and postannealing exhibited a dielectric constant of about 75 ͓equivalent oxide thickness ϳ0.5 nm͔, which meets the requirement of dynamic random access memory 40 nm technology. Strontium titanate ͑SrTiO 3 , STO͒ thin films are attractive candidates for the capacitor dielectric of dynamic random access memory ͑DRAM͒ due to their high dielectric constant ͑ϳ300͒
Strontium titanate ͑SrTiO 3 , STO͒ thin films are attractive candidates for the capacitor dielectric of dynamic random access memory ͑DRAM͒ due to their high dielectric constant ͑ϳ300͒ [1] [2] [3] [4] with a paraelectric phase in the normal range of operating temperatures, high breakdown strength, 5 and good chemical stability. 6 The reported deposition methods of perovskite structured oxide films, such as SrTiO 3 or ͑Br,Sr͒TiO 3 , include radio-frequency-sputtering, 7, 8 pulsed laser deposition, 9 metallorganic chemical vapor deposition, [10] [11] [12] and atomic layer deposition ͑ALD͒. [13] [14] [15] Among these, ALD has attracted considerable interest as a suitable method for thin-film deposition, including in particular the deposition of capacitor dielectrics with a thickness in the subhundred angstrom range, owing to its inherent advantages in thin-film deposition such as digital controllability of film thickness and composition on an atomic scale, superior conformal deposition in three-dimensional structures, large area uniformity, etc.
For the application of SrTiO 3 films to the capacitor dielectric in DRAM, it is necessary to fabricate stoichiometric SrTiO 3 thin films having a thickness of more or less 10 nm with a superior thickness and compositional conformality. However, the dielectric properties of perovskite-structured oxide films are markedly poorer than those of the bulk material owing to the small grain size of the polycrystalline film. [16] [17] [18] In our previous article, in an applicable thickness range for a DRAM capacitor, the dielectric constant of the SrTiO 3 thin film deposited by plasma-enhanced ALD abruptly decreased with decreasing thickness due to inadequate crystallinity. 19 In this paper, strontium ruthenate ͑SRO͒ is introduced as a crystallization seed layer to address the aforementioned problems. The thin SRO layer can act as a crystallization seed layer, because it is a conductive oxide and it has a pseudocubic perovskite crystal structure with a lattice constant of 3.93 Å. Furthermore, the lattice mismatch between SrTiO 3 and SrRuO 3 is roughly 0.5% ͑the lattice constant of SrTiO 3 is 3.91 Å͒. 20 The seed layer was prepared through deposition of an ultrathin SrO layer on a Ru substrate followed by a postannealing process prior to SrTiO 3 deposition. The variation of the dielectric properties of SrTiO 3 thin films deposited on a seed layer was investigated in comparison with a Ru bottom electrode without seed-layer formation. In addition, the effect of the thickness of an inserted SrO layer on the dielectric properties of SrTiO 3 thin films was investigated to optimize seed-layer formation.
Experimental
SrTiO 3 thin films were deposited on a 20 nm Ru/25 nm TiN/p-type Si substrate by plasma enhanced ALD at a deposition temperature of 225°C and a pressure of 3 Torr. Titanium tetraisopropoxide ͓TTIP͔ and bis͑dipivaloylmethanato͒ strontium ͓Sr͑DPM͒ 2 ͔ were used as precursors and oxygen plasma was used as an oxidant. TTIP was delivered from a bubbler system at a bubbler temperature of 60°C to the reaction chamber with argon carrier gas. Sr͑DPM͒ 2 was dissolved in butyl acetate ͑0.2 M͒ and supplied to the reaction chamber by a liquid delivery system, the precursor vessel was maintained at room temperature, and the vaporizer was heated to 250°C. The flow rates of the purge Ar and O 2 were 200 and 100 sccm, respectively, and the plasma power was kept at 150 W. STO films were deposited by repeating a supercycle. 21 One unit cycle for TiO 2 and SrO consisted of a precursor vapor pulse, a purge pulse, a pulse for exposure to oxygen plasma, and another purge pulse. The thickness per cycle obtained from the converged regime was 0.036 nm/cycle for TiO 2 films and 0.054 nm/cycle for SrO films, respectively. One supercycle for deposition of stoichiometric SrTiO 3 consisted of six TiO 2 cycles and seven SrO cycles. For crystallization, the as-deposited films underwent rapid thermal annealing at 600°C for 10 min under ambient N 2 . To improve the dielectric properties of SrTiO 3 thin films, strontium ruthenate ͑SRO͒ was prepared as a crystallization seed layer on a Ru bottom electrode before SrTiO 3 deposition. To make the SRO seed layer, ultrathin SrO was deposited on the Ru electrode and then annealed at 600°C for 10 min under ambient N 2 . To examine the dielectric properties, 100 nm thick Pt dots deposited by sputtering with a diameter of 160 m were used as a top electrode. The film thickness was measured at a wavelength of 632.5 nm using an ellipsometer ͑Gaertner L116C͒ and by transmission electron microscopy. X-ray diffraction ͑XRD, Rigaku͒ analysis using Cu K␣ radiation ͑ = 1.5405 Å͒ was carried out to investigate the crystal structures of the SrTiO 3 thin films. Cross-sectional transmission electron microscopy ͑TEM͒ was used to study the formation of the SRO interlayer, and the corresponding elemental information was determined using the energy dispersive X-ray spectrometry ͑EDS͒ TEM technique. The dielectric constant was measured using a C-V analyzer ͑Kei-thley 590͒ at a frequency of 1 MHz. film thickness on the dielectric properties was investigated after annealing for crystallization. For the SrTiO 3 films with thicknesses exceeding 20 nm, as illustrated in Fig. 1 , the dielectric constant values were not as sensitive to the film thickness, and the equivalent oxide thicknesses ͑EOT͒ of the SrTiO 3 films increased linearly with increasing films thicknesses. However, for SrTiO 3 films with thicknesses less than 15 nm, the dielectric constants decreased dramatically with decreasing film thickness and the graph of dielectric thickness vs EOT had a negative slope. This indicates that the film properties, like the microstructure, gradually deviated with decreasing thickness. In our previous article, it was confirmed that the thickness dependency of SrTiO 3 films on dielectric properties was related to the films' crystallinity, and the nonstoichiometric region being intermixed with SrTiO 3 and Ti-O phases near the interface of SrTiO 3 film and Ru existed. 19 To enhance the crystallinity of SrTiO 3 thin films, and thereby improve the dielectric properties, an ultrathin crystallization seed layer of SRO was prepared on the Ru bottom electrode prior to SrTiO 3 deposition. To confirm the formation of the SRO seed layer by deposition of ultrathin SrO on Ru and postannealing, the crystallinities of 15 nm SrTiO 3 films deposited on Ru, an as-deposited 2.7 nm SrO layer, and an annealed 2.7 nm SrO layer in N 2 ambient at 600°C for 10 min were investigated by XRD analysis. As shown in Fig. 2a , there was no difference in the XRD peak of the SrTiO 3 film deposited on the as-deposited SrO layer and Ru without a SrO layer. In the case of the SrTiO 3 film deposited on an annealed 2.7 nm SrO layer, however, the XRD peak of SrTiO 3 ͑110͒ increased significantly. This indicates that the crystallinity of the SrTiO 3 film could be increased by an annealed ultrathin SrO layer deposited on Ru. From a cross-sectional TEM micrograph and EDS analysis, as shown in Fig. 2b , it was seen that the deposited 2.7 nm SrO layer crystallized after annealing in ambient N 2 at 600°C. It was also qualitatively observed that Sr and Ru elements coexisted in the crystallized layer. From these results, it was speculated that the ultrathin SrO layer was transformed into a crystallized SRO compound by interdiffusion of Sr and Ru elements during the postannealing process. Figure 3 compares the XRD patterns of annealed SrTiO 3 thin films, in a thickness range of 10-50 nm, ͑a͒ with and ͑b͒ without a SRO layer on the Ru bottom electrodes. As a result of SRO insertion, the ͑100͒ and ͑200͒ peaks of the SrTiO 3 film disappeared, while the ͑110͒ peak intensity was increased relative to the case with no SRO layer. In particular, the ͑110͒ peak of the 15 nm SrTiO 3 thin film deposited on a SRO seed layer was increased markedly compared with that of the 15 nm SrTiO 3 thin film without SRO layer formation. For 10 nm SrTiO 3 films, the ͑110͒ peak of SrTiO 3 , deposited on the SRO layer, was detected, although no SrTiO 3 peak was observed for the case without the SRO layer. Figure 4 shows cross-sectional TEM images of 15 nm thick SrTiO 3 thin films ͑a͒ with and ͑b͒ without a SRO seed layer. The TEM image shows that the crystal lattice of SrTiO 3 deposited on the seed layer is arranged in the same direction as the crystallized seed layer, and is more well-defined in overall thickness compared with that deposited without the SRO layer. These TEM micrographs concurred with the aforementioned XRD results. Thus, it can be concluded that the SRO layer, formed by 2.7 nm SrO layer deposition and a postannealing process between the SrTiO 3 thin film and the Ru bottom electrode, acts as a seed layer for crystallization of the SrTiO 3 thin film and enhances the crystallinities of annealed-SrTiO 3 films, especially in the case of film thickness below 15 nm. Figure 5 compares the dielectric constant of annealed SrTiO 3 thin films, with thickness in a range of 10-50 nm, with and without a SRO layer on the Ru bottom electrodes. The dielectric constants of SrTiO 3 films deposited on a SRO seed layer were higher than the constants for films deposited on Ru without a SRO layer throughout the thickness range, as indicated in Fig. 5 . In particular, in the cases of SrTiO 3 films with thickness below 15 nm, the increase of the dielectric constant was remarkable; this concurred with the results showing the variation of the increase in the XRD peak. The dielectric constant of 10 nm SrTiO 3 films with no seed layer, which was very low owing to a lack of crystallinity, was increased to 50.3 by application of the SRO seed layer. This increase was more than threefold that of the film formed on Ru directly without a SRO layer.
The above results were obtained with a SrO layer having a fixed thickness of 2.7 nm for the formation of a SRO seed layer. For optimization of SRO seed-layer formation, the dependence of dielectric properties of SrTiO 3 films on the thickness of the inserted SrO layer was investigated. The thickness of the inserted SrO layer was varied from 0.27 to 5.4 nm and the variation in the dielectric properties of 15 nm thick SrTiO 3 films is shown in Fig. 6 . As the SrO layer was reduced below 1.35 nm, the dielectric constants of the SrTiO 3 films drastically decreased from 82 to 33. The reason for this may be that the formation of a uniform SRO layer after the postannealing process occurs less readily in the case of a thinner SRO layer and it thus does not function well as a seed layer. The thicker SrO layer showed a gradually decreasing dielectric constant below 82. This might be attributable to the formation of Sr-rich STO phases or extra SrO layers, which would have relatively lower dielectric constants than SrTiO 3 , at the interface after the annealing process. Therefore, the dielectric constants of SrTiO 3 thin films decreased continuously as the thickness of the inserted SrO layer was increased beyond 1.35 nm. From the above results, it appears that the optimized thickness of the inserted SrO layer for forming a seed layer is 1.35 nm, at which the highest dielectric constant was obtained. Figure 7 shows the variation of the dielectric constants of the SrTiO 3 thin films except the interfacial layer ͑IL͒ and EOT of the IL between SrTiO 3 films and bottom electrodes according to the thickness of the inserted SrO layer. When the IL exists, the relationship between the EOT and the film thickness can be written as follows 
where k SiO 2 and k SrTiO 3 are the relative dielectric constants of SiO 2 and SrTiO 3 films, respectively, d tot is the sum of the physical thickness of the SrTiO3 film and the physical thickness of the interfacial layer, EOT IL is the EOT of the IL, and d IL is the physical thickness of the IL. Therefore, the EOT of the IL between the SrTiO 3 films and bottom electrodes and the dielectric constants of the SrTiO 3 thin films except for the IL were calculated from the y-axis intercept obtained from the extrapolation and the slope of the SrTiO 3 film thickness vs EOT graph, shown in the inset of Fig. 7 . In the case of a 1.35 nm SrO interlayer inserted prior to SrTiO 3 deposition, the dielectric constant of SrTiO 3 except for the interfacial effect was similar to that of the 2.7 nm SrO case. However, the EOT of IL, which increases the total EOT value, showed the lowest value among the evaluated cases. Therefore, it was thought that the effect of the SRO seed layer formed by the deposition of an ultrathin SrO layer and a postannealing process on improvement of the dielectric properties of SrTiO 3 thin film was not only due to enhancement of SrTiO 3 film crystallinity but also reduction of the IL effect. Finally, dielectric constants of SrTiO 3 films in an applicable range of thickness for a DRAM capacitor are shown in Fig. 8 . In the case of a 10 nm thick SrTiO 3 thin film deposited on a SRO seed layer formed by deposition of a 1.35 nm thick SrO layer and postannealing, the dielectric constant was about 75, which corresponds to an EOT of 0.5 nm. This result meets the DRAM stacked capacitor requirement of 40 nm technology in terms of capacitance property.
Conclusions
The dielectric properties of SrTiO 3 thin films were investigated with and without a seed layer formed by PEALD. The dielectric properties of SrTiO 3 films were markedly improved as a result of inserting a SRO seed layer formed by deposition of an ultrathin SrO layer on the Ru bottom electrode followed by postannealing. This improvement was attributed to enhanced crystallinity and a reduction of the IL effect. The dependency of the dielectric properties of SrTiO 3 films on the thickness of the inserted SrO layer was also investigated. It was found that the dielectric constants of SrTiO 3 films increased when the thickness of the inserted SrO layer was increased to 1.35 nm, and then decreased continuously with increasing thickness of the inserted SrO layer at thicknesses exceeding 1.35 nm ͑about 75 at 1.35 nm͒. Consequently, in the case of a 10 nm thick SrTiO 3 thin film deposited on the optimized SRO seed layer, the lowest EOT value ͑0.5 nm͒ was obtained, and this value meets the requirement of DRAM 40 nm technology. 
